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THE  HEAT  OF  IONIZATION  OF  WATER 

By  Frederick  D.  Rossini 


ABSTRACT 

The  heat  of  ionization  of  water  has  been  calculated  by  combining  the  data  on 
heats  of  neutralization  given  by  Richards  and  Rowe  and  the  data  on  heats  of 
dilution  recently  compiled  by  the  present  author.  The  value  so  obtained  is  cor- 
roborated by  using  the  data  on  heats  of  neutralization  reported  by  Gillespie, 
Lambert,  and  Gibson.  For  the  reaction,  H20  =  H+  +  OH_,  at  infinite  dilution 
in  water  and  for  the  temperature  range  10  to  35°  C.,  the  heat  absorbed  is  given 
by  the  equation:  AH=1S, 721-57.9  (<  — 18)  +0.15(£-18)2  g-cal,8  per  mole. 
The  uncertainty  is  estimated  to  be  ±  16  calories  per  mole.  Using  the  factor  4.181 
for  coverting  g-calis  to  absolute  joules  gives  AH=  57,370  absolute  joules  per  mole 
at  18°  C. 
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I.  INTRODUCTION 

The  ionization  of  water  may  be  expressed  by  the  equation 

H20  =  H+  +  OH-  (1) 

Although  the  heat  absorbed  in  this  reaction  is  not  susceptible  of  direct 
measurement,  its  value  can  be  determined  in  several  ways. 

Data  on  the  change  with  temperature  of  the  equilibrium  constant 
for  reaction  (1)  permits  calculation  of  the  change  in  heat  content  by 
means  of  the  thermodynamic  formula:1 


d  In  K_     AH 
R 


da) 


(2) 


This  method  was  employed  by  Noyes,  Kato  and  Sosman,2  who 
measured  at  various  temperatures  the  hydrolysis  of  ammonium 
acetate  and  calculated  the  ionization  constant  for  water. 

A  summation  of  the  heat  changes  associated  with  appropriate 
other  reactions  may  lead  to  the  desired  heat  value.  The  following 
reactions  compose  such  a  series: 

HCM00H2O  +  NaOH100H2O  =  NaCl-20lH2O  (3) 

HC1-  co  H20  =  HCM00H2O  + '( »  -  100)H2O  (4) 


1  The  nomenclature  of  Lewis  and  Randall  ("Thermodynamics,"  McGraw-Hill  Co.,  New  York,  1923) 
will  be  used  throughout  this  discussion.  .„,««„ 

»  Noyes,  Kato,  and  Sosman,  J.  Am.  Chem.  Soc,  32,  p.  lo9;  1910. 
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NaOH-  oo  H20  =  NaOH-100H2O  +  (  »  -  100)H2O  (5) 

XaCl-20lH2O+(oo-201)H2O  =  NaCl-a,H2O  (6) 

IIC1-  oo  H20  +  NaOH-  oo  H20  +  co  H20  =  NaCl-  «>  H20  +  (2  co  +  l)H20 

(7) 

(H+  +  CI"  +  Na+  +  OH")-3  -  H20  =  (Na+  +  CI"  +  H20)-3  oo H20     (8) 

or 

H+  +  OH-  =  H20  (9) 

The  reaction  expressed  by  equation  (7)  is  obtained  by  summing 
equations  (3),  (4),  (5),  and  (6).  Neglecting  the  somewhat  philo- 
sophical question  as  to  the  heat  of  mixing  NaCl-  °°H20  with  2  °°H20, 
etc.,  which  is  negligibly  small,  equation  (8)  is  equivalent  to  (7)  and 
leads  directly  to  the  desired  reaction  (9).  In  other  words,  the  heat 
of  neutralization  at  infinite  dilution  may  be  taken  as  equivalent  to  the 
heat  evolved  when  H+  combines  with  OH-  to  formH20,  which  reaction 
is  the  reverse  of  the  ionization  of  water. 

Utilizing  the  then  best  available  data  for  the  heat  changes  associated 
with  reactions  (3),  (4),  (5),  and  (6),  Richards  and  Hall 3  calculated 
a  value  for  the  heat  of  ionization  of  water  in  the  above  manner. 
Richards  and  Rowe4  obtained  values  for  the  heat  of  ionization  of  water 
by  plotting  heats  of  neutralization  against  the  concentration  and 
extrapolating  the  curves  to  infinite  dilution.  Richards  and  Mair  6 
employed  a  like  procedure. 

In  their  calculation  of  the  heat  of  ionization  of  water,  Richards 
and  Hall  were  limited  to  the  use  of  one  series  of  reactions  because  of 
the  lack  of  suitable  data  on  heats  of  dilution  for  electrolytes  other 
than  HC1,  NaOH,  and  NaCl.  Since  that  time,  however,  addi- 
tional data  on  the  heats  of  dilution  of  electrolytes  in  aqueous  solution 
have  been  published,  which  permits  the  use  of  six  different  series  of 
reactions. 

It  is  the  purpose  of  this  paper  to  combine  the  data  on  heats  of 
neutralization  obtained  by  Richards  and  Rowe,6  and  incidentally  the 
data  of  Gillespie,  Lambert,  and  Gibson,7  with  the  values  for  heats 
ol  dilution  recently  calculated  by  the  present  author,8  and  obtain 
a  value  for  the  heat  of  ionization  of  water  by  utilizing  six  different 
series  of  reactions  similar  to  the  one  employed  by  Richards  and  Hall. 

II.  THE   AVAILABLE    DATA 

1.  HEATS   OF   NEUTRALIZATION 

A  review  of  the  data  on  the  heats  of  neutralization  of  uni-univalent 

>ng  electrolytes  indicates  that  the  only  reliable  measurements— 

cially  with   regard   to  purity  of  materials,  proper  statement  of 

centrataons,   and    recognition  of  the  proper  temperature  of  the 

reaction     are    those    of    Richards    and    Rowe,9   and   some   few   by 

Gillespie,  Lambert,  and  Gibson.10 


Wcharda  and  Ball,  J.  Am.  Ohem.  Boo.,  51,  p.  786;  1929. 
'  ,u  ■■■  ■»•  Am.  Chem.  Soc.,  4  p.  703  1922 

;  R    harda  and  Mair,  J.   \m.  (hem.  Sor.,.,1,  p.  731);  1929. 
im.  Chem.  Soc!,  Z£ p.  684;  1922. 
imhcrt,  nnd  Gibson,  J.  Am.  Chem.  Soc  ,  52,  n  3806-  1930 
earch,  6,  p.  791;  1931  P'        ' 

>te  :. 
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Richards  and  Rowe  measured  the  heats  of  neutralization  of  HC1, 
HBr,  HI,  and  HN03  with  LiOH,  NaOH,  and  KOH,  respectively. 
Lack  of  suitable  data  on  heats  of  dilution  precludes  the  use  of  their 
data  on  HBr  and  HI  in  the  present  calculations.  For  each  salt 
formed,  Richards  and  Rowe  performed  6  to  11  experiments,  some 
having  an  initial  temperature  of  about  15.5°  C.  and  the  remainder 
16.5°  C.  The  temperature  rise  in  each  experiment  was  about  4°  C. 
These  authors  used  the  heat  capacities  of  the  factors  in  calculating 
the  heat  capacity  of  their  calorimeter  system,  and,  consequently, 
obtained  the  heat  of  the  reaction  at  the  final  temperature.  The 
heats  of  neutralization  given  by  Richards  and  Rowe  were  reduced 
to  20°  C.  from  the  average  values  for  the  experiments  having  final 
temperatures  of  about  19.5°  and  20.5°  C,  respectively.  The  con- 
centration of  each  acid  and  base  was  1  mole  in  100  moles  of  H20, 
and  the  salt  solution  formed  was  MX-20lH2O. 

The  heats  of  neutralization  calculated  by  Richards  and  Rowe 
depend  directly  upon  the  accuracy  of  the  values  chosen  by  them  for 
the  heat  capacities  of  aqueous  solutions  of  HC1,  HN03,  LiOH,  NaOH, 
and  KOH.  Because  of  the  fact  that  in  most  cases  the  heat  ca- 
pacities of  aqueous  solutions  of  acids  and  bases  are  not  known  as 
accurately  as  are  those  of  the  corresponding  salt  solutions,  the  present 
author  has  recalculated  the  heats  of  neutralization  from  the  exper- 
imental data  of  Richards  and  Rowe,  using  the  heat  capacities  of  the 
formed  salt  solutions  and  thus  obtaining  the  heat  of  neutralization 
at  the  initial  temperature.  Inasmuch  as  the  amount  of  excess 
alkali  solutions  used  by  Richards  and  Rowe  was  only  about  1/1000 
of  the  resulting  salt  solution  this  latter  can  be  assumed  to  be  the 
pure  salt  solution  in  computing  the  heat  capacity,  without  an  error 
greater  than  1  or  2  in  100,000.  An  example  of  the  method  of  cal- 
culation employed  for  the  data  of  Richards  and  Rowe  is  given  in 
Table  1. 

Table  1. — Sample  calculation 

Data  given  by  Richards  and  Rowe  for  experiment  No.  13: 

610.22  g     HCM00.06H2O  and  615.42  g     NaOH-100.19H2O. 
Heat  capacity  of  calorimeter  =18.98  g-cali8  per  °C. 
Initial  temperature  =15.66°  C. 

Final  temperature  =19.50°  C. 

Average  temperature  =17.58°  C. 

Corrected  temperature  rise    =  3.841°  C. 
Calculations  by  the  present  author: 

Heat    capacity    of   formed    solution    (1,225.64    g     NaCl-201H2O)    at    the 

average   temperature,   17.58°  C.  =  (1,225.64)    (0.97908)  =  1,  200.00  g-cal18 

per  °C. 
Total  heat  capacity =  1,218.98  g-cal18  per  °C. 
Total  heat  evolved=  (1,218.98)  (3.841)  =4,682.1  g-cal18. 
Number  of  moles  of  HC1= 0.33180. 
Heat  evolved  per  mole  of  HC1=  14,111  g-cali8. 
This  gives  the  heat  of  reaction  at  the  initial  temperature,  15.66°  C. 

In  the  case  of  NaCl,  Richards  and  Rowe  performed  five  experi- 
ments at  an  average  initial  temperature  of  16.79°  C.  and  four  at 
an  average  initial  temperature  of  15.66°  C.  A  value  for  16.00°  C. 
was  interpolated  from  the  two  average  values,  and  the  small  correc- 
tion for  differences  in  concentration  was  made.  In  like  manner,  the 
data  for  the  other  five  salts  were  calculated.  A  summary  of  the  data 
of  Richards  and  Rowe  for  52  experiments  is  given  in  Table  2. 

The  values  used  by  the  present  author  for  the  specific  heats  of  the 
various  salt  solutions  at  18°  C.  were  computed  from  values  for  the 
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apparent  molal  heat  capacities  of  these  solutes  in  water  at  18°  C.11 
These  values,  given  in  Table  3,  are  slightly  different  from  those  of 
Richards  and  Rowe.12 


Table  2. — Data  on  heals  of  neutralization 
[From  the  data  of  Kichards  and  Rowe] 


Reaction 


HCM00H2O-fLiOH-100H2O=LiCl-201H2O 

HC1-100  H2O+NaOH-100  H2O  =  NaCl-201  H20__- 

HCM00H2O+KOH-100H2O  =  KCl-201H2O 

ilNCh- 100  H2O+LiOH.100  H2O=LiNO3-201  H20_. 
HN03- 100  H20+NaOH-  1C0  H20 =NaN03-  201  H20 
HNO3-100H2O+KOH-100H2O  =  KNO3-201H2O.. 


Number 
of  experi- 
ments 
per- 
formed 


Tem- 
perature 

of 
reaction 

AH, 

heat 

absorbed 

g-calu 

°C. 

per  mole 

16.00 

-14, 173 

16.00 

-14,099 

16.00 

-14, 189 

16.00 

-14,024 

16.00 

-14,031 

16.00 

-14,271 

Table  3. — Heat  capacities  of  salt  solutions  at  18°  C. 


Solution 

Heat  capacity 
of  solution 

LiCl-201  H20 

g-cahs 
0-1  °  C.-i 

0.9842 
.9792 
.9730 
.9807 
.9760 
.9702 

NaCl-20lH2O  

KCl-201H2O    .. 

LiNO-201H2O 

NaNO3-201H2O__  . 

KNO3-201  H20 

Gillespie,  Lambert,  and  Gibson  reported  the  results  of  eight  experi- 
ments on  the  heat  of  neutralization  of  NaOH  and  HC1,  and  one  for 
KOH  and  HC1.  Their  data,  excluding  two  experiments  at  50°  C,  are 
given  in  Table  4.  The  next  to  the  last  column  gives  the  heat  capaci- 
ties of  the  salt  solutions  as  computed  from  the  values  for  the  ap- 
parent molal  heat  capacities  of  these  aqueous  salt  solutions.11  These 
can  be  compared  with  the  values  actually  used  by  Gillespie,  Lambert, 
and  Gibson.  The  last  column  gives  the  heat  of  neutralization  for 
fcne  given  temperature  and  concentration  as  corrected  by  these  new 
values  for  heat  capacity. 

Table  4. — Data  on  heats  of  neutralization 
[From  the  data  of  Gillespie,  Lambert,  and  Gibson] 


Solution  formed 

Tempera- 
ture of 

reaction 
=  initial 

tempera- 
ture 

Average 
tempera- 
ture 

Heat  ca- 
pacity of 
salt  solu- 
tion at 
average 
tempera- 
ture 

AH,  heat 
absorbed 

Calculations  by 
present  author 

Illt'Ill 

Heat  ca- 
pacity of 
salt  solu- 
tion at 
average 
tempera- 
ture 

AH,  heat 
absorbed 

X'.iCl- 

°C. 

20.00 
20.00 
24.99 
32.  27 
32.27 
32.30 
20.00 

°C. 

20.35 

20.68 

25.33 

32.92 

32.95 

33.01 

20.71 

g-caho 

r10c-' 

0.  9961 
.  9924 
.9957 
.9922 
.9922 
.9916 
.9896 

g-caho 
per  mole 
-13,  784 
-13,803 
-13,582 
-13,  211 
-13,  274 
-13,  284 
-13,864 

g-cala 

0.  9954 
.9917 
.9948 
.9909 
.9909 
.9902 
.9893 

g-caht 
per  mole 

a 

HjO 

—13,  774 

NaCl«  1101.1  HiO 

—13,  793 

V.c, 

—  13,570 

\  i\  I- 

—13, 194 

• "  ji  1.6  H  0 

—13,  257 

KCl.647.8HiO....] 

—  13,265 
-13,  859 

•   9.  Jour.  Research;  1931. 
■  Kichiir.ls  and  Rowe,  J.  Am.  Chem. 


Soc,  41,  p.  770;  1921. 


Rostim]  Heat  of  Ionization  of  Water  851 

2.  HEATS   OF   DILUTION 

The  changes  in  heat  content  associated  with  reactions  (4),  (5), 
and  (6)  can  be  obtained  from  the  values  of  $h  —  $h°,  the  relative  ap- 
parent molal  heat  content  of  the  solute,  given  for  aqueous  solutions 
of  HC1,  HN03,  LiOH,  NaOH,  KOH,  LiCl,  NaCl,  KC1,  LiNG3,  NaN03, 
and  KNO3,  at  18°  C,  by  the  present  author  in  a  previous  publication.13 

For  example,  in  reaction  (4) 

HC1  •  co H20  =  HC1  •  100  H20  +  ( 00  - 100)  H20  (4) 

AH  =  $ft-$fc°  (10) 

where  <f>^  is  the  apparent  molal  heat  content  of  HC1  in  the  solution 
HC1-100  H20,  and  $h°  is  the  apparent  molal  heat  content  of  HC1 
at  infinite  dilution  in  water. 

III.  THE  CALCULATED   RESULTS 

The  values  cited  above  for  heats  of  dilution  are  given  for  18°  C; 
the  data  of  Eichards  and  Howe  on  heats  of  neutralization,  shown  in 
Table  2,  are  for  16°  C;  and  those  of  Gillespie,  Lambert,  and  Gibson 
on  heats  of  neutralization  are  given  at  temperatures  of  20°,  25°,  and 
32.3°  C.     (Table  4.) 

Because  the  changes  in  heat  content  for  these  reactions  have  large 
temperature  coefficients,  it  is  necessary  that  these  latter  be  known 
accurately  for  the  proper  conversion  of  the  various  data  to  18°  C. 
Once  the  values  for  the  heats  of  neutralization  are  calculated  to  18° 
C.,  it  becomes  a  relatively  simple  matter  to  sum  the  changes  in  heat 
content  for  reactions  (3),  (4),  (5),  and  (6),  and  obtain  thereby  values 
for  the  change  in  heat  content  for  reaction  (9) 

H+  +  OH-  =  H20  (9) 

For  reaction  (3) 

HCM00  H20  +  NaOH- 100  H20  =  NaCl •  201  H20  (3) 

the  temperature  coefficient  of  the  change  in  heat  content  is  given  by 

AC2,=2oio;1+^(Naci)-(ioocr;1+$c(Hci)  +  iooa;1+$c(Na0H))   (n) 

or 

ACP  =  (7°i  +  $C(NaCI)  ~~  ^c(HCl)  -  $c(NaOH)  (12) 

where  $e(Naco>  $c(hci)  and  $C(NaoH)  are  the  apparent  molal  heat 
capacities  of  NaCl,  HC1,  and  NaOH  in  their  respective  solutions  and 
C°Pl  is  the  molal  heat  capacity  of  pure  H20.     In  correcting  a  heat  of 

«  See  footnote  8,  p.  848. 


852 


Bureau  of  Standards  Journal  of  Research 


[Vol.6 


neutralization  from  t°  C.  to  18°  C,  values  of  3>c  for  the  average  tern- 

perature,  °C,  are  needed.     For  converting  the  data  of  Eichards 

and  Rowe  from  16°  to  18°  C,  values  of  3>c  for  17°  C.  were  used;  and 
for  converting  the  data  of  Gillespie,  Lambert,  and  Gibson  from  32.3°, 
25°,  and  20°  to  18°  C,  values  of  3>c  for  25°,  21.5°,  and  19°  C,  respec- 
tively, were  used.14 

A 'comparison  of  the  temperature  coefficients  given  by  Eichards 
and  Rowe15  for  the  six  different  heats  of  neutralization  with  those 
calculated  by  the  present  author  is  given  in  Table  5. 

The  data  of  Richards  and  Rowe  on  heats  of  neutralization  at  16°  C, 
as  given  in  Table  3,  can  now  be  converted  to  18°  C,  and  combined 
with  the  appropriate  heats  of  dilution,  to  give  values  for  the  heat  of 
ionization  of  water.  The  results  of  these  calculations  are  summarized 
in  Table  6. 

The  calculations  from  the  data  of  Gillespie,  Lambert,  and  Gibson 
are  summarized  in  Table  7. 

Table  5. — Temperature  coefficient  of  heat  of  neutralization,  at  18°  C. 
[For  the  reaction:  HX-lOO  HjO+MOH-100  H2O=MX-201  H20] 


Solution  formed 

ACp,  in  cal.  mole-i°C .-« 

Richards 
and  Rowe 

Present 
author 

LiCl-201  H2O 

55.4 
52.7 
48.4 
53.6 
50.5 
45.1 

42.3 

46.0 
46.4 
40.8 
45.7 
47.3 

NaCl-201  H2O 

KC1-201  H2O 

LiNO.v201H2O 

NaNO3-201  H2O 

KNO3-201  H20... 

Table  6. — The  heat  of  neutralization  at  infinite  dilution 
[Combining  data  of  Richards  and  Rowe  with  data  on  heats  of  dilution.] 


HX-100  H2O+MOLMOO 
HaO  =  MX.201H2O 

Heats  of  dilution  at 
18°  O.,  g-cal.18  per  mole 

H++ 

OH-  = 

H2O 

Devia- 
tion 
from 
mean 

A//  at 

L6°  C. 

g-cal.u 

pet 

mole 

ACP  at 
17°  C. 
g-cal.M 
molo_1° 

0-1 

AH  at 

18°  O. 

g-cal.i8 

per 

mole 

Acid 

Base 

Salt 

Solution  formed 

AH 

at  18°C. 

g-cal.is 

per  mole 

Lici  aoi  11  0. 

-14,173 
-14,099 
-14.  IS!) 
-14,024 
-14*03] 
-14,271 

42.6 
Hi.  3 
46.7 
41.1 
At).  0 
47.  6 

-14,088 
-14,006 
-14.096 
-13,942 
-13,939 
-14,  176 

+305 

+305 

+305 

+86 

+86 

+86 

+243 
+39 

+  137 

+2-13 
+39 

+137 

-174 
-48 
-46 

-132 
+83 

+229 

-13,  714 
-13,  710 
-13,  700 
-13,  745 
-13,  731 
-13,  724 

+7 

+  11 

+21 

24 

1 

KCl-201  EI»0 

10 

Mr  ill 

-13,721 

±13 

otnotfl  11.  p.  s.-.n. 
;;  EUofaardi  mid  Rowe,  J.  Am.  Chom.  Boo.,  44,  p.  C99 ;  1922. 
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Table  7. —  The  heat  of  neutralization  at  infinite  dilution 
[Combining  data  of  Gillespie,  Lambert,  and  Gibson  with  data  on  heats  of  dilution] 


HX-7iII20+MOH"nlbO  =  MX- 
(2»+l)  HjO 

Beats  of  dilution  at  18° 
('..  g-cal.i8  per  mole 

=»H80 

Solution  formed 

The  re- 
action 
temper- 
ature. 
°C. 

A//at 
reaction 
temper- 
ature. 
g-cal.18 
per  mole 

A('P  at 
C  £-(.';+ is 

mole-1 

°c.-i 

A// at 
18°  C. 
g-cal.ia 

per 

molo 

Acid 

15a,so 

Salt 

A// at 
18°  C. 
g-cal.ia 

per  mole 

Devia- 
tion 
from 

mean 

KaCMOSO.  7H20 

NaCl -566.  5H:0 

NaCMlOl.  4H20 

NaCl  •  568.  8H20 

NaCl-566.  OH20 

NaCl- 521.  OH20„ 

KC1-547.8H20 

20.00 
20.00 
24.  99 
32.27 
32.27 
32.30 
20.00 

-13,774 

-13,794 
-13,568 
-13.192 
-13,253 
-13,263 
-13,858 

52.6 

50.5 
51.8 
48.8 
48.8 
48.6 
50.7 

-13,879 
-13,895 
-13,931 
-13.S90 
-13,951 
—  13.95S 
-13,959 

+140 
+190 

+  139 
+  190 

+  190 
+  197 
+  193 

+84 

+85 
+83 
+85 
+85 
+84 
+  123 

-59 
-63 
-58 
-63 
-63 
-63 
-60 

-13,714 
-13,683 
-13,767 

-13,678 
-13,739 
-13,740 
-13,703 

+4 
+35 
-49 
+40 
-21 
-22 
+15 

. 

-13,718 

±27 

IV.  THE  TEMPERATURE   COEFFICIENT 
The  temperature  coefficient  of  the  heat  of  reaction  (9) 

H+  +  OH-  =  H20 


(9) 


can  be  calculated  from  the  values  of  the  heat  capacities  of  the  sub- 
stances involved.     That  is 


ACp  =  Cr° 


(HO) 


(t?,°(H+)  +  CoH 


-)) 


(13) 


The  heat  capacity  of  H20  is  known,  and  the  sum  of  the  partial  molal 
heat  capacities16  for  H+  and  OH-  at  infinite  dilution  can  be  deter- 
mined as  follows: 

Cp2°,  the  partial  molal  heat  capacity  of  the  solute  at  infinite  dilu- 
tion, is  known  for  NaCl,  HC1,  and  NaOH.     Now 


p  o  1  p  o 

°P     (HCl)  TOP     (N 


aOK) 


77  o  1    p  o  1    p  o  A- P  ° 

CP    (H+)  ^  ^P    (C1-)   ^  UP    (Nad    r  UI»    (OH- 


and 


no  _ p o  1 p o 

UJ>    (NaCl)         ^V    (N'a+)    r   ly"    'Cl-1 

Subtracting  equation  (15)  from  equation  (14)  gives 

~r\  °  i    n  o  _  T'  °  ='(~°  4-~iP  ° 

Cp     (HCl)     '    iyP     (NaOH)         L'P     (NaCl)  '    V     <HO  ^  W     (OH") 


(14) 
(15) 

(16) 


From  the  values  for  <£°c  (which  is  equal    to  £?p2°)  compiled   by  the 
present  author,17  one  finds,  for  18°  C, 

is  For  an  extended  discussion  of  apparent  and  partial  molal  beat  capacities  in  aqueous [Solution  see  (a) 
Randall  and  Rossini,  J.  Am.  Chem.  Soc,  51,  p.  323;  1929;  and  (6)  Rossini,  B.  S.  Jour.  Researcu,  4,  p.  313, 
1930. 

"  See  footnote  11,  p.  850. 
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<5°(h+)  +  3>°oh-  =  ~  39'9  %'ca1'  mole_1  °  Crl  (17) 

And  for  reaction  (1) 

H20  =  H+  +  OH-  (1) 

A<7P=  -39.9-18.0=  -57.9  g-cal.  mole"1  °  Cr1  (18) 

The  temperature  coefficient17  of  <7p°<h+)  +  <?p°(oh-)  can  be  taken  as  °-3 

g-cal.  mole"1  °C.~2.     For  any  temperature  J,  near  18°  C.^  the  tem- 
perature coefficient  of  the  heat  change  associated  with  reaction  (1)  is 

ACP=  -57.9  +  0.30-18)  g-cal.  mole"1  °(7."1  (19) 

V.  DISCUSSION 

The  value  for  the  change  in  heat  content  for  reaction  (9),  as  obtained 
from  the  data  of  Richards  and  Rowe  on  heats  of  neutralization,  is 

AH  =  -  13,721  g-cal.18  per  mole  at  18°  C.  (20) 

or  for  the  ionization  reaction 

AH  =  13,721  g-cal.i8  per  mole  at  18°  C.  (21) 

The  average  deviation  of  the  six  individual  results  from  this  value  is 
±  13  calories  per  mole. 

Using  the  data  of  Gillespie,  Lambert,  and  Gibson  on  heats  of  neu- 
tralization, one  obtains  for  the  ionization  of  water 

AH  -  13,718  g-cal.i8  per  mole  at  18°  C.  (22) 

Here  the  average  deviation  is  ±27  calories  per  mole.  Inasmuch 
as  the  experiments  of  Gillespie,  Lambert,  and  Gibson  consist  of  3 
at  20°  C.,  1  at  25°  C,  and  3  at  32.3°  C,  as  compared  with  the  52 
experiments  of  Richards  and  Rowe  at  16°  C,  the  value  given  by  equa- 
tion (21)  will  be  selected  as  the  "best"  value  for  the  change  in  heat 
content  which  accompanies  the  ionization  of  water  at  infinite  dilution. 
The  value  obtained  from  the  Gillespie,  Lambert,  and  Gibson  data 
ea  as  an  excellent  verification  of  the  selected  value.  The  agree- 
ment also  serves  to  establish  the  reliability  of  the  heat  content  values  18 
afl  well  as  the  apparent  molal  heat  capacity  values19  which  were  used  to 
convert  the  data  of  Gillespie,  Lambert,  and  Gibson  to  infinite  dilu- 
tion and  to  18°  C,  respectively. 

The  error  in  the  value  calculated  for  the  heat  of  ionization  of  water 
by  the  preaenl  method  depends  upon  the  accuracy  of  the  determina- 
tion of  t  lie  various  heats  of  neutralization  and  of  the  heats  of  dilution. 
I  lie  absolute  accuracy  of  the  final  values  for  heats  of  neutralization 
calculated  from  the  data  of  Richards  and  Rowe,  using  the  new  heat 

tt  J>.  848.  ~~ 

ite  li.  p.  850. 
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Figure  1. — Plot  of  the  data  on  the 
heat  of  ionization  of  water 

The  ordinate  scale,  in  g-cal.is  per  mole,  gives 
the  heat  absorbed  in  the  reaction,  H20  =  H+-(- 
OH-,  at  18°  C.  and  infinite  dilution.  The 
circle  shows  the  estimated  error  in  the  selected 
"best"  value,  13,721.  The  values  obtained 
from  the  data  of  Richards  and  Rowe  on  heats 
of  neutralization  are  indicated  by  •;  and  those 
from  the  data  of  Gillespie,  Lambert,  and  Gib- 
son by  O-  The  latter  values  are  from  single 
experiments  on  the  heat  of  neutralization, 
while  the  values  of  Richards  and  Rowe  for 
heats  of  neutralization  are  each  the  average 
of  6  to  11  experimental  values. 


capacity  values,  can  be  placed  at  ±  8 
calories  per  mole.  If  the  uncer- 
tainty in  the  heats  of  dilution  for 
reactions  (4),  (5),  and  (6)  is  estimated 
to  be  in  each  case  ±  8  calories,  the  error 
in  the  final  selected  value  for  AH  may 
be  taken  as  ±  V82  +  82  +  82  +  82=  ±  1G 
calories  per  mole. 

A  graphical  representation  of  the 
results  obtained  for  the  heat  of 
ionization  of  water  from  the  data 
of  Richards  and  Rowe,  and  of  Gilles- 
pie, Lambert,  and  Gibson,  on  heats 
of  neutralization  is  shown  in  Fig- 
ure 1. 

It  is  interesting  to  note  the  values 
obtained  for  the  heat  of  ionization 
of  water  by  the  investigators  cited 
at  the  beginning  of  this  paper. 

For  the  ionization  reaction 


H20  =  H+  +  OH- 


(1) 


the  values,  converted  by  means  of 
the  proper  temperature  coefficient 
to  18°  C.,  from  whatever  tempera- 
ture they  were  given  are : 

AH,  at  18°  C,  in  g-cal.w  per  mole 

Noyes,Kato,andSosman_  14,070. 

Richards  and  Rowe Between  1 3,730 

and  13,790. 

Richards  and  Hall 13,760. 

Richards  and  Mair 13,760. 

This  paper 13,721. 

VI.  CONCLUSION 

By  combining  the  data  on  heats 
of  neutralization  obtained  by  Rich- 
ards and  Rowe  with  appropriate 
heats  of  dilution,  there  has  been 
found  for  the  reaction 


H20  =  H+  +  OH 


(1) 


AH  =  13,721±16 
g-cal.18  per  mole  at  18°  C.      (23) 
and 

ACP=  -57.9  +  0.30-18) 
g-cal.18  per  mole  per  degree     (24) 

For  the  temperature  range  of  about 
10°   to  35°  C,  the  heat   absorbed 
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in  reaction  (1),  at  infinite  dilution  in  water,  can  be  expressed  by  the 

equation 

All  =13,721-57.9  (Z-18)  +  0.15  (*-18)2  g-cal.18  per  mole  (25) 

Here  t  is  in  °C.  and  the  unit  calorie  is  the  actual  heat  capacity  of  1 
g  of  water  at  18°  C.  Using  the  factor  4.181  for  converting  g-cal.i8 
to  absolute  joules,  gives,  per  mole  at  18°  C, 

AH  =  57,370  absolute  joules  (26) 

Washington,  February  14,  1931. 


r~ 


A        \  / 


PLEASi  RETUB32    /   v/EEK     FROM  DATS  OF 
I   BY  REGIST^SD  LLc.IL  OR  ISSUE 
T^RCZ.,.    -:^T.      PSIUfeDICALS   CANNOT  SE  JR&- 


KKD,      THE  FAC1UG-E   SHOULD  3 

NATIONAL  I    REM  )    07   STATOAHDS  LlB&BfiY 
.      <i  301    IsOfiTHJttSIT  BUIIJ)IIT£ 

COSInlLCTICuu?  AV&KU3  &  V^IT  NiUSS   STREET 
.  GHPGK    25*    D.    C. 


SAJLiE  A&K  J0&feiS 


